Short-term deprivation of sensory input by ischaemic nerve block (INB) leads to functional reorganization in the deafferented motor cortex. Here, we show that INB also elicits functional changes in homotopic regions of the cortex contralateral to the deafferented one. We measured motor evoked potential (MEP) amplitudes elicited by transcranial magnetic stimulation (TMS) in small hand and biceps brachii muscles before, during and after INB of the right hand. INB increased excitability of the cortical representation of (i) the intact hand and (ii) body parts proximal to the deafferented hand (upper arm), in the absence of excitability changes in other body part representations such as thorax or leg muscles. This effect persisted throughout the entire period of deafferentation and returned to baseline values afterward. Motor responses to brainstem electrical stimulation remained unchanged during INB, indicating that the effect is probably of cortical origin. Lorazepam, a GABA A receptor agonist, blocked this increased excitability. Interhemispheric inhibition between hand muscles decreased during INB. After chronic deafferentation in amputees, MEP amplitudes and motor output curves in small hand muscles were depressed and motor thresholds were elevated compared with aged-matched controls. These results indicate that acute hand deafferentation can elicit a focal increase in excitability in the hand motor representation contralateral to the deafferented cortex that is in¯uenced by transcallosal interactions and GABAergic transmission, and is balanced in the setting of chronic deafferentation.
Summary
Short-term deprivation of sensory input by ischaemic nerve block (INB) leads to functional reorganization in the deafferented motor cortex. Here, we show that INB also elicits functional changes in homotopic regions of the cortex contralateral to the deafferented one. We measured motor evoked potential (MEP) amplitudes elicited by transcranial magnetic stimulation (TMS) in small hand and biceps brachii muscles before, during and after INB of the right hand. INB increased excitability of the cortical representation of (i) the intact hand and (ii) body parts proximal to the deafferented hand (upper arm), in the absence of excitability changes in other body part representations such as thorax or leg muscles. This effect persisted throughout the entire period of deafferentation and returned to baseline values afterward. Motor responses to brainstem electrical stimulation remained unchanged during INB, indicating that the effect is probably of cortical origin. Lorazepam, a GABA A receptor agonist, blocked this increased excitability. Interhemispheric inhibition between hand muscles decreased during INB. After chronic deafferentation in amputees, MEP amplitudes and motor output curves in small hand muscles were depressed and motor thresh
Introduction
The organization of the adult cerebral cortex is highly dynamic. Deprivation of sensory input in non-human animals results in signi®cant reorganization (Merzenich and Kaas, 1982; Kaas et al., 1983; Jones, 2000) . For example, plastic changes in receptive ®elds or topography have been observed in somatosensory (Rasmusson, 1982; Pons et al., 1991) , auditory (Rajan, 1998) and visual (Kaas et al., 1990; Gilbert and Wiesel, 1992) cortex, and these changes become apparent within minutes (Kelahan and Doetsch, 1984; Calford and Tweedale, 1988; Silva et al., 1996) . In the motor cortex, various forms of deafferentation including peripheral nerve lesions (Kolarik et al., 1994) and limb amputations (Chen et al., 1998; Qi et al., 2000) result in reorganization of the motor representation in the deafferented hemisphere (Cohen et al., 1991) . Likewise, most reports have focused on the effects of deafferentation on contralateral cortical representations. It is conceivable, however, that deprivation of somatosensory input could also elicit organizational changes in the hemisphere contralateral to the deafferented one. The existence of interactions between homotopic sites within the motor cortical representations in both hemispheres could provide a substrate for such an effect (Asanuma and Okuda,deafferentation leads to rapid changes of receptive ®elds in the somatosensory cortex in both hemispheres (Calford and Tweedale, 1990) .
In humans, ischaemic nerve block (INB) implemented by in¯ating a tourniquet around the forearm results in acute, reversible deprivation of somatosensory input and in welldescribed functional changes in the contralateral motor cortex (Brasil-Neto et al., 1992 Ridding and Rothwell, 1995; Ziemann et al., 1998a; McNulty et al., 2002) . The purpose of the present study was to determine if INB of one hand also leads to reorganizational changes in the motor cortex contralateral to the deafferented one.
Material and methods Subjects
Fourteen healthy volunteers [aged 34.1 T 1.5 years, ®ve females, nine males; all but one subject were right-handed (Edinburgh Inventory; Old®eld, 1971) ] participated in the experiments. All subjects gave their written informed consent according to the declaration of Helsinki [http://ohsr.od.nih.-gov/helsinki.php3 or (World Medical Association declaration of Helsinki, 1997) ] and the NINDS Institutional Review Board approved the study protocol.
Recording and stimulation procedures
Subjects lay comfortably on a bed with cushions to support both their arms and head. EMG was recorded from silver± silver chloride electrodes positioned in a belly-tendon montage on the skin overlying the target muscles. After ampli®cation and bandpass ®ltering (50 Hz±2 kHz) (Counterpoint Electromygraph: Dantec Electronics, Skovlunde, Denmark), the EMG signal was digitized (sampling rate 5 kHz) and fed to a PC for off-line analysis of the waveforms.
Transcranial magnetic stimulation (TMS) was applied using either a ®gure-of-eight (mean loop diameter 7 cm, peak magnetic ®eld strength 2.2 T) (Experiments I, III, IV and V) or a round-shaped (9 cm, 2 T) coil (Experiment II) connected to a Magstim 200 magnetic stimulator (Magstim, Whitland, Dyfed, UK). The magnetic coil was placed tangentially over both sides of the scalp with the handle pointing backward and perpendicular to the presumed direction of the central sulcus, 45°to the midsagittal line. In this position, the induced current is optimal to activate the corticospinal tract transsynaptically (Werhahn et al., 1994) . The round coil was placed tangentially~1±2 cm posterior to Cz on the midsagittal line with the current¯owing counter-clockwise. The optimal coil position to elicit maximal motor evoked potential (MEP) responses was determined in each individual and marked with an ink pen to ensure stability throughout the experiment. The resting motor threshold (RMT) was determined at the optimal scalp position for activating the biceps brachii (Bic) and ®rst dorsal interosseus (FDI) muscles (Experiments I, III and IV) bilaterally as well as for the tibialis anterior (TA) muscle (Experiment II). RMT was de®ned as the minimal stimulus intensity (as a percentage of the maximal stimulator output) that produced MEPs >50 mV peak-to-peak in amplitude in at least ®ve out of 10 trials. The intensity of TMS stimulation was set at 50% above the RMT of the Bic muscles (Experiments I, III and IV) or at 30% above the RMT of the TA muscles (Experiment III). Activation of the pyramidal tract at the level of the brainstem (brainstem electrical stimulation; BES) was achieved by using high-voltage electrical stimuli (100 ms pulse, 225± 750 mV, Digitimer D 180) delivered through electrodes ®xed over the mastoid processes (Ugawa et al., 1991) . This technique has been used by different laboratories in the past (see, for example, Brasil-Neto et al., 1994; Rothwell et al., 1994; Stefan et al., 2000) to investigate subcortical changes in motoneuronal excitability. In contrast to TMS, BES elicits only singleÐas opposed to multipleÐdescending corticospinal volleys and presumably activates and recruits spinal motor units in a different order and with a different gain (Touge et al., 2001) . To de®ne threshold to BES, the stimulus intensity was increased from 20% (relative to the maximum stimulator output) in increments of 2.5%. Threshold for BES was de®ned as the lowest stimulus intensity that evoked MEP amplitudes of at least 50 mV in both FDI muscles.
Experiments were performed with the target muscles at rest. Relaxation was monitored with audiovisual feedback. Additionally, we used a specially designed`conditional triggering' system. This technique automatically holds the triggering of TMS pulses if EMG activity >40 mV peak-topeak in amplitude is detected in the 1000 ms period preceding the stimulus (Kaelin-Lang and . The use of this system allowed an improved signal to noise ratio in this study relative to previous reports of plasticity associated with INB (Brasil-Neto et al., 1992; Ridding and Rothwell, 1995; Ziemann et al., 1998a) .
Intervention and experimental protocols Experiment I
Ten subjects participated in Experiment I (35.8 T 1.6 years of age, ®ve females, ®ve males; all but one subject was righthanded) designed to identify excitability changes in muscles contralateral to deafferentation during INB. Recordings were made bilaterally from both Bic and FDI muscles. A blood pressure tourniquet was placed just below the right elbow and in¯ated to 220 mmHg to induce INB. Tourniquet pressure was kept constant during the experiment. Measures of corticomotor excitability were obtained before (baseline) and during INB and following tourniquet de¯ation. TMS was delivered through a ®gure-of-eight magnetic coil placed at the optimal scalp position for activation of FDI. MEPs were recorded with interstimulus intervals randomly ranging between 6 and 8 s before tourniquet in¯ation (n = 60), at 15 min (INB 15 ; n = 40) and late (28.5 T 1.0 min) after the start of tourniquet in¯ation (INB late ; n = 40). Stimulus intensity was adjusted to 150% of the RMT of the Bic muscles. The INB late measures were obtained under the condition of a complete motor block and complete light touch anaesthesia (as measured using von Frey mono®laments). Immediately following INB late measurements, the tourniquet was de¯ated (36.5 T 1.0 min). MEP amplitudes (n = 40) were measured subsequently 10, 30 and 60 min after tourniquet de¯ation (termed post 10 , post 30 and post 60 ). Light touch sensation normalized within 3 min, and paraesthesiae subsided completely within 10 min after tourniquet de¯ation.
Experiment II
This experiment was performed to investigate the speci®city of the excitability increase observed in Bic and FDI contralateral to INB. Six subjects (34.3 T 1.8 years of age, one female, ®ve males; one subject left-handed) were studied, three of whom had been studied in Experiment I. In addition to Bic and FDI, surface EMG recordings were made from the pectoralis (Pec) and TA muscles bilaterally. TMS was delivered through a round coil with the current¯owing counter-clockwise placed optimally to elicit MEPs of similar amplitudes on both sides of the body ( 
Experiment III
This experiment was performed on ®ve subjects (35 T 2.6 years of age, two females, three males) to investigate the site of the effect. Recordings were made from the FDI muscles bilaterally. A ®gure-of-eight shaped magnetic coil was used for TMS stimulation delivered to the motor cortex using the same parameters as described in Experiment I. MEPs were recorded from FDI after random magnetic stimulation of the motor cortex (TMS, 30 trials) or BES (10 trials) before tourniquet in¯ation (baseline), during INB (INB 15 ), late into INB (INB late : 33.5 T 0.8 min) and 10 min after tourniquet de¯ation (post 10 ).
To investigate the role of interhemispheric interactions during INB, we measured interhemispheric inhibition in a subgroup of subjects (n = 4) using a previously described paired-pulse paradigm (Ferbert et al., 1992; Hanajima et al., 2001) . In brief, two coils were placed over the optimal scalp position for FDI for both hemispheres. The coil over the left, deafferented sensorimotor cortex served as conditioning coil and that over the right cortex as test coil. Trials with paired pulses (n = 12) in which the conditioning stimulus preceded the test stimulus by 10 ms were intermixed randomly with trials in which the test stimulus was given alone (n = 12). Stimulus intensities of the test pulse were adjusted to elicit responses in the left FDI of~2 mV peak-to-peak amplitude at baseline. The intensity of the conditioning TMS stimulus was 1.3 Q RMT. Interhemispheric inhibition was measured before, 15 and 40 (40.2 T 1.0) min after tourniquet in¯ation as well as 15 min after its de¯ation.
Experiment IV
The purpose of this experiment was to investigate the role of GABAergic in¯uences on corticomotor excitability changes elicited by INB. In ®ve subjects (aged 34 T 2.4 years), we tested the effect of a single oral dose of lorazepam (LZP) [7-chloro-5-(o-chlorophenyl)-1,3-dihydo-3-hydroxy-2H-1,4-benzodiazepine-2-one], a short-acting benzodiazepine that causes cell hyperpolarization by enhancing Cl ± currents via GABA A receptors (Macdonald, 1995) on MEP amplitude changes elicited by INB in a crossover double-blind placebocontrolled design. Sessions were separated by at least 1 week to avoid any interference from the long-term effects of LZP. Subjects received either placebo or LZP (0.038 mg/kg body weight, 2.65 T 0.4 mg, mean T SD) on average 2 h 34 min T 18 min before starting the baseline recordings. At this time, blood levels are expected to be within the therapeutic range and remain there for 3±5 h (Greenblatt et al., 1993) . A pharmacokinetic computer simulation that assumes a two-compartment model with ®rst-order oral absorption (Gupta et al., 1990) was performed for each subject (considering individual LZP dose and body weight) to estimate concentrations before and after INB (WinNonlin v1.5, Pharsight, Mountain View, Calif., USA). Results indicated that LZP concentrations exceeded 42.9 ng/ml, well above therapeutic levels (Greenblatt et al., 1989) in all individuals and intervals tested (range 43±56 mg/l) including pre-INB measurements.
Recordings were made from FDI and Bic bilaterally at baseline, at INB 15 , INB late (duration of INB: placebo 44.2 T 1.0 min, LZP 43.2 T 1.0 min) and post 10 . Stimulation parameters and INB induction procedures were identical to those described for Experiment I. Additionally, we documented the intensity and affective reaction to the tourniquet-related discomfort in the right forearm on an analogue visual scale (Gracely et al., 1978) . This measurement was shown previously to have good internal consistency, reliability, objectivity and discrimination between the sensorial and affective components of pain (Gracely, 1999) . Subjects judged discomfort levels immediately after the last TMS measurement before tourniquet de¯ation.
Experiment V
To examine changes of corticomotor excitability with chronic deafferentation, we measured resting and active motor thresholds (de®ned as the intensity needed to evoke MEPs in the tonically contracting FDI of at least 100 mV in ®ve of 10 consecutive trials), and the size of 20 MEPs in the resting FDI at different TMS stimulus intensities (100±160% of RMT, order pseudo-randomized) in eight patients with upper limb amputation (44.4 T 3.5 years, three females, ®ve males, duration of amputation 8.8 T 2.2 years) and compared the results with a group of aged-matched healthy control subjects (n = 8, mean age 35.0 T 2.8 years, seven males, one female). In both groups, we also recorded compound muscle action potentials (M-waves) in FDI following supramaximal electrical stimulation of the ulnar nerve at the wrist. We constructed stimulus±response (S±R) curves and a non-linear curve ®tting by plotting the size of the MEPs in FDI, expressed as a percentage of maximum M-wave in each subject, at different stimulation intensities relative to RMT (Devanne et al., 1997; Ridding and Rothwell, 1997) .
Statistical analysis
The size of the MEPs evoked by TMS and BES was determined by measuring MEP amplitudes from peak to peak. The peak-to-peak amplitudes of the MEPs at each time point were averaged and expressed as a percentage of pre-ischaemic values. All data were tested for normal distribution (Shapiro±Wilk test of normality) and homogeneity of variance (Bartlett's c 2 ). For non-parametric data, we used Friedman two-way analysis of variance (ANOVA) by ranks to assess the main effect of intervention and time. In the case of signi®cant c 2 values, post hoc pairwise comparisons were performed by the Wilcoxon signed-rank test with correction for multiple comparisons. Group differences of normally distributed data such as RMT or demographic data of the subjects were analysed using paired or unpaired twoway t statistics. Statistical comparison of the S±R curves was performed using repeated-measures ANOVA with group and intensities as within-subject factors. For post hoc pairwise comparisons, the Newman±Keuls procedure was performed. For calculation of the slope, plateau and stimulus intensity where responses reached 50% of maximum size (termed mid-size intensity), a non-linear curve ®tting using the Levenberg±Marquardt algorithm with the Boltzmann equation of the S±R curves was calculated. Use of this method of curve ®tting for analysing TMS S±R curves has been described elsewhere (Devanne et al., 1997; Kaelin-Lang and Cohen, 2000) . Unless stated otherwise, results are expressed as mean T standard error of the mean (SEM). Results were considered signi®cant at a level of P < 0.05. 
Results

Effects of deafferentation on corticomotoneuronal output
Tourniquet in¯ation leading to INB resulted progressively in numbness and paraesthesiae in the deafferented hand. MEP amplitude from the right FDI decreased as a function of INB [c 2 (5) 31.4, P < 0.0001, Fig. 1A ]. Approximately 15 min following tourniquet in¯ation, MEP amplitudes from the FDI below the tourniquet began decreasing (relative to baseline) in half of the subjects (by 5.3 T 7%, range ±44 to +23%, Fig. 1A) . Thereafter, tourniquet in¯ation led to complete anaesthesia and substantially reduced MEP amplitudes (by 89.8%, P = 0.0051) maximal at~30 min (30.5 T 3.3 min, INB late , Fig. 1A ). As previously reported, tourniquet in¯ation led to larger MEP responses in the right Bic muscle, immediately proximal to the tourniquet [c 2 (5) 26.8, P < 0.0001, Fig. 1B ]. This increase was already evident at INB 15 (increase of 128.5% relative to baseline, P = 0.0051) and became maximum at INB late (by 176.1%, P = 0.0051) (Table 1) in the absence of changes in RMT. Tourniquet de¯ation resulted in a rapid return of MEP amplitudes to baseline levels.
In addition to changes in cortical excitability of muscles ipsilateral to INB (right arm), tourniquet in¯ation resulted in larger MEP amplitudes in the left FDI contralateral to the ischaemic hand [c 2 (5) 18.7, P < 0.005, Fig. 1A ]. MEP amplitudes in the left FDI contralateral to the tourniquet started to increase 15 min after in¯ation (by 41.7%, P = 0.0051, Fig. 1A ), well before complete motor block was achieved but when hypoaesthesia in the right hand was already advanced. Thereafter, tourniquet in¯ation resulted in substantially increased MEP amplitudes in the left FDI (by 50.6 T 1.6%, P = 0.001, Fig. 1A ) that began returning to baseline levels following tourniquet de¯ation.
To investigate the focality of this effect, we studied the consequences of INB of the right hand on MEP amplitudes recorded from multiple muscle groups in the arms (FDI and Bic), thorax (Pec) and legs (TA) (Fig. 2) .
As in the previous experiment, tourniquet in¯ation resulted in motor block in the right FDI below the tourniquet (by 98.9%, Fig. 2 125.9% at INB 10, INB 10 and INB late , respectively; c 2 (5) 12.3, P < 0.05, Fig. 2 ]. In contrast, this intervention did not elicit signi®cant changes in contralateral Bic, ipsi-and contralateral Pec, and TA muscles.
In an additional control experiment, a tourniquet was applied around the calf (below the knee) to elicit anaesthesia of the right foot and further investigate the in¯uence of alertness and discomfort. Tourniquet in¯ation (n = 3) resulted in complete cutaneous anaesthesia (loss of light sensation at the plantar surface of the second toe) and motor block (absence of peripheral M-waves in the extensor digitorum communis muscles when stimulating the peroneal nerve). No signi®cant changes were detected in MEP amplitudes at INB late (INB duration 37.7 T 0.6 min) in FDI (right 91 T 12.1%, left 98.7 T 13%; mean T SD) or Bic (right 116.6 T 10.1%, left 109.9 T 24.1%) muscles relative to baseline.
Effects of deafferentation on responses elicited by BES and TMS
In this experiment, we investigated the effects of 
GABAergic in¯uences on excitability changes in left FDI and right Bic
In the placebo session, right hand INB resulted in an increase in left FDI MEP amplitudes of 59.8% at INB late in reference to baseline [3.82 T 0.8 and 2.39 T 0.57 mV respectively, c 2 (3) 10.2, post hoc P = 0.017]. In the LZP session, left FDI MEP amplitude decreased by 8.1% at INB late in reference to baseline (2.28 T 0.27 and 2.48 T 0.4 mV, respectively, ns]. Therefore, a single oral dose of LZP blocked the enhancing effect of right hand INB on left FDI MEP amplitude identi®ed in the placebo session (Fig. 4A) . Note that baseline MEP amplitudes in left FDI were comparable in both placebo and LZP sessions.
In the placebo session, right hand INB resulted in an increase in right Bic MEP amplitudes of 72.2% at INB late in reference to baseline [0.62 T 0.16 and 0.36 T 0.12 mV, respectively, c 2 (3) 10.5, post hoc P = 0.015]. In the LZP session, right Bic MEP amplitude increased by only 21.7% at INB late in reference to baseline (0.56 T 0.17 and 0.46 T 0.1 mV respectively, ns). Therefore, a single oral dose of LZP substantially decreased the enhancing effect of right hand INB on right Bic MEP amplitude identi®ed in the placebo session (Fig. 4B) . In contrast, LZP did not in¯uence the effects of INB on right FDI (Fig. 4C) . The duration of INB, rating of tourniquet-related discomfort as well as TMS stimulus intensities and RMTs were comparable in both placebo and LZP sessions.
Effects of chronic deafferentation on ipsilateral corticomotoneuronal output
In amputee patients, there was a signi®cant increase in motor thresholds with stimulation over the non-deafferented hemisphere both in relaxed (48.5 T 1.8 and 39.8 T 1.2% for amputees and controls, respectively; two-tailed t test P < 0.01) and active (38.5 T 1.9 and 32.8 T 1.2%; P < 0.05) muscles compared with age-matched controls. In parallel, S±R curves were signi®cantly depressed in amputees [interaction group Q intensity F (2, 8) = 2.5, P < 0.05; post hoc P < 0.05 for intensities of 140±160% RMT] compared with controls (Fig. 5A) . Analysis using non-linear curve ®tting revealed a signi®cant increase in the intensity needed to obtain mid-size MEP responses in amputees (62.9 T 2.0 and 50.0 T 1.5%; P < 0.001), leading to a shift of the R±C curve to the right (Fig. 5B) . In contrast, the slope and plateau intensities of the curves were not signi®cantly different between the groups (P > 0.2).
Discussion
The main ®ndings of this study are that INB, in addition to eliciting functional excitability changes in the deafferented cortex, resulted in a focal increase of excitability in the hand motor representation homotopic to the deafferented one, and that this form of plasticity is in¯uenced by interhemispheric interactions and GABAergic function and is balanced in the setting of chronic deafferentation.
Effects of hand deafferentation on the excitability of the contralateral motor cortex
Hand deafferentation resulted in larger MEP amplitudes in the Bic muscle proximal to the tourniquet, a result consistent with previous experiments demonstrating increased Bic S±R curves during forearm INB (Ridding and Rothwell, 1997) . This effect is short lasting (Brasil-Neto et al., 1992; Ziemann et al., 1998a) and indicative of an increased excitability of cortical body part representations immediately proximal to the deafferented one (Brasil-Neto et al., 1992 . Our ®nding that pre-medication with LZP substantially attenuated these excitability changes raises the hypothesis of GABAergic inhibition being an operating mechanism. This proposal is consistent with the short duration of the effect (Ziemann et al., 1998a) and is supported further by the ®nding of rapid decreases in the concentration of GABA and GABA/creatine ratios in the human sensorimotor cortex contralateral to an acutely deafferented hand (Levy et al., 1999) .
Effects of hand deafferentation on the excitability of the ipsilateral hand motor representation
Hand deafferentation resulted in increased excitability of the ipsilateral hand motor representation. The increase in MEP size may be due to a net increase in TMS-evoked corticospinal motor output, an increased synchronization of the TMS-evoked corticomotor volleys (resulting in a reduced phase cancellation) or both. This effect started rapidly, terminated shortly after the afferent input from the hand was restored, and was topographically speci®c since the excitability of upper arm representations in the same limb (Bic) remained unaffected, as did extremity or thoracic representations. Previous studies in our own laboratory showed a nonsigni®cant trend toward increased excitability of the hand motor representation ipsilateral to INB (see ®g. 2 in BrasilNeto et al., 1992) . This trend was more evident in the present study because we evaluated a greater number of subjects and collected more trials per subject. Furthermore, we used an automated system for conditional triggering of TMS pulses that secured delivery of these pulses in the absence of EMG activation (Kaelin-Lang and , consequently decreasing data variability. It is unlikely that unspeci®c alertness or discomfort-related factors explain these results since they were focal (not present in thorax and lower extremity muscles) and they did not in¯uence brainstem responses, usually affected by attentional uctuations (Gandevia et al., 1997) . Moreover, INB applied to the right lower leg failed to modulate MEP amplitudes in FDI and Bic consistent with a focal effect. Additionally, tonic pain elicits an effect opposite to that described here: attenuation of MEP amplitudes in muscles close to the painful site and lack of change of MEP amplitudes in muscles distant from the painful site in the opposite limb (Farina et al., 2001; Le Pera et al., 2001) .
INB resulted in marked excitability changes demonstrated with TMS but not with transmastoidal electrical stimulation at the level of the brainstem. Motor responses evoked by BES originate in descending corticospinal volleys elicited at the level of the pyramidal decussation (Ugawa et al., 1991) , while those evoked by TMS are the consequence of predominantly transsynaptic stimulation of pyramidal tract neurones in the motor cortex (Amassian et al., 1990; Rothwell et al., 1991; Di Lazzaro et al., 1998) . Therefore, responses to TMS that are in¯uenced by activity in the motor cortex (Rothwell, 1997) changed markedly in our study, while those evoked by BES did not, suggesting that the main site of this effect is cortical. Minor additional involvement of spinal mechanisms cannot be ruled out given the methodological differences between the two forms of stimulation (Touge et al., 2001 ).
The precise site within the cortex where this interaction occurs remains to be determined. There are sparse direct interhemispheric connections linking primary motor (Jenny, 1979; Jones and Powell, 1969b) and sensory (Jones and Powell, 1969b; Jones et al., 1979; Killackey et al., 1983) cortices and it has been proposed that they could exert inhibitory in¯uences on homotopic sites in the contralateral hemisphere (Asanuma and Okuda, 1962; Ferbert et al., 1992; Di Lazzaro et al., 1999; Hanajima et al., 2001) . Such connections could be the substrate for the transfer of INBinduced plasticity changes between homologous body part representations. For example, the reduction of interhemispheric inhibitory drive reported in this study could lead to disinhibition of contralateral motor areas. Several lines of evidence are consistent with this interpretation. Acute deafferentation of one hand region leads to an increased cerebral blood¯ow in the contralateral as well as the ipsilateral motor representation (Sadato et al., 1995) . Induction of a virtual lesion by cooling of a cortical representation elicits receptive ®eld changes in homotopic areas of the contralateral hemisphere (Calford and Tweedale, 1990; Clarey et al., 1996) . Acute neocortical lesions result in increases in excitability in homotopic areas of the contralateral hemisphere (Buchkremer-Ratzmann et al., 1996; Neumann-Haefelin and Witte, 2000) . Finally, acute deafferentation in primates and¯ying foxes leads to rapid changes of receptive ®elds in the ipsilateral cortex (Calford and Tweedale, 1990 ) that are, similar to our results, balanced after long-term deafferentation. The ®nding of decreased excitability in the motor cortex contralateral to the remaining hand of amputees may re¯ect the re-establishment of a loss of interhemispheric balance of excitation following the amputation, consistent with competition models of cortical processing (Kinsbourne, 1977; Rauschecker, 1997) .
Alternative interhemispheric anatomical pathways mediating this effect include those linking the supplementary motor areas, which have denser commissural projections between the hand representations than the primary motor cortex (Jones and Powell, 1969a; Gould et al., 1986) , or those linking somatosensory areas 1 and 2 (Jones et al., 1979; Disbrow et al., 2001) . In the latter case, the transferred information could be transmitted to area 4 through point-topoint corticocortical connections (Jones and Powell, 1969a; Jones et al., 1978; Pons and Kaas, 1986) . Finally, it is less likely that ipsilateral somatosensory pathways (Noachtar et al., 1997) play a role, since they are diffuse and could not explain the focality of our results.
The transient increase in excitability of the hand motor representation ipsilateral to an acutely deafferented hand was blocked by pre-medication with LZP, an allosteric modulator of the GABA A receptor. GABAergic manipulations effectively modulate rapid plasticity in the animal (Jacobs and Donoghue, 1991; Castro-Alamancos et al., 1995) and human (Ziemann et al., 1998b; Bu Ète®sch et al., 2000) motor cortex. Results from animal studies support this association. Increases in cortical excitability induced by transient ischaemia in contralateral homotopic areas are paralleled by decrease in GABAergic inhibition (Neumann-Haefelin et al., 1995) and GABA A receptor density (Witte and Stoll, 1997) .
In summary, our ®ndings demonstrate that excitability changes in a human motor representation are associated with functional modi®cations in homotopic representations of the contralateral hemisphere that are in¯uenced by GABAergic function. This transfer of excitability across hemispheric boundaries may play a role in compensatory processes that follow injury to the motor pathways.
